ABSTRACT. Environmental problems caused by human activities are increasing; biodiversity is disappearing at an unprecedented rate, soils are being irreversibly damaged, freshwater is increasingly in short supply, and the climate is changing.
INTRODUCTION
Two of the important achievements of science have been to document and understand the impacts that humans have on the global ecosystem. Many studies in recent years have shown, in ever greater detail, that the world is living beyond its means. Thanks to the collective efforts of natural scientists, we know, for example, that biodiversity is being lost at an increasing rate, that soils are being irreversibly damaged, that freshwater is being polluted or used faster than it is replenished in many regions, and that the climate is changing (Millennium Ecosystem Assessment 2005 , IPCC 2007 , McIntyre et al. 2009 , WWAP 2009 , Schwarzenbach et al. 2010 . Thanks to the work of social scientists, we have a good understanding of the societal context of these sustainability problems, and their social and economic consequences (Rayner and Malone 1998 , Becker et al. 1999 , Costanza 2003 . Through their work, we know that such problems are caused by the combined actions of diverse societal actors, that the people they most affect are usually not those who caused them, and that these problems are multi-dimensional, complex, and politically controversial.
However, many argue that academic institutions should be doing more (Lubchenco 1998 , Klein et al. 2001 , Gallopín et al. 2002 , McMichael et al. 2003 , Samarasekera 2009 , ICSU 2010 , Levin and Clark 2010 , Chapin et al. 2011 . These critical voices point out that science has often been late or ineffective in preventing or mitigating emerging risks (Harremoës et al. 2001) and that even the well-known environmental problems such as biodiversity loss and climate change remain unsolved (Raven 2002 , McMichael et al. 2003 . The reasons for this gap between knowledge production and action, however, are complex and not easy to address , van Kerkhoff and Lebel 2006 , Shanley and López 2009 . Some reasons relate to the conservative nature of academic institutions, which are often slow to change their practices and adopt new modes of research and outreach (Rhoten and Parker 2004, Nightingale and Scott 2007) .
This article is based on a workshop that was convened to discuss how research institutions can become more effective in supporting sustainable development. The workshop brought together scientists involved in sustainability research from both basic and applied research institutions, as well as experts in theory of science and institutional change at academic institutions. It revealed that each of these three groups, i.e., practicing scientists, experts on new research practices, and university administrators involved in enabling institutional change, has accumulated a broad knowledge base and experience related to effective problem-oriented research for sustainable development, but that the heterogeneity and breadth of concepts and notions hinder learning and consensus building among different actors involved in sustainability at academic institutions.
Here, therefore, we analyze the perceived crisis of research effectiveness and consider how it can be overcome. We divide our analysis into three sections. First, we discuss some of the special features of sustainability problems that pose particular challenges for sustainability research and problem solving. Next, we describe coping strategies for research, i.e., interdisciplinarity, partnerships, and problem orientation, which are widely considered to help overcome these challenges. Finally, we discuss the practical steps that academic institutions can take to promote their effectiveness in tackling real-world problems of sustainability. Thereby, we distinguish between fine-tuning and adapting the existing system (system optimization) and aiming at system changes (system innovation).
We draw not only upon the experiences and expertise of the workshop participants, but also upon a rapidly growing literature about the relationships between science and society, and the potential of new modes of research to improve realworld problem solving (Nowotny et al. 2001 , Scholz and Tietje 2002 , Cash et al. 2003 , Bammer 2005 , COSEPUP 2005 , Eigenbrode et al. 2007 , Kueffer et al. 2007 , Frodeman et al. 2010 , Groffman 2010 , Wuelser et al. 2012 , as well as upon literature on institutional change for sustainability at academic institutions (Sterling 2004 , Beringer and Adomßent 2008 , Miller et al. 2008 , Sherman 2008 , Crow 2010 , Ferrer-Balas et al. 2010 , Rusinko 2010 , Stephens and Graham 2010 , Brundiers and Wiek 2011 , Krasny et al. 2011 ). Our aim is to provide a synthetic overview of this literature for an interdisciplinary and implementation-oriented readership. We therefore bring together and systematize concepts and results from diverse research fields, including science and technology studies (Nowotny et al. 2001 , Cash et al. 2003 , theory of inter-and transdisciplinarity , Frodeman et al. 2010 , resilience theory (Moore and Westley 2011) , organization science (March 1991) , and transition management (Rotmans et al. 2001 , Miller et al 2008 .
COMPLEXITY, IMPARTIALITY, AND SALIENCE CHALLENGES
In tackling problems of sustainability, research is important in at least three ways: for understanding the causes and effects that determine the system dynamics of the problem, for clarifying conflicts of interests and value systems, and for contributing to the development of appropriate means for action (ProClim 1997 , Grunwald 2004 , Kueffer and Hirsch Hadorn 2008 . However, real-world problems have general characteristics that not only complicate the process of doing research, but may hinder the application of research findings. We call these the challenges of complexity, impartiality, and salience, and describe them briefly in the following paragraphs (Cash et al. 2003 , Kueffer and Hirsch Hadorn 2008  Fig. 1 ).
The complexity challenge arises because tackling sustainability problems usually requires expertise, not only from a wide range of academic disciplines, but also from outside academia (Kates et al. 2001 , Miller et al. 2008 ). Such problems, therefore, cannot be investigated by the usual methods and approaches of disciplinary research. Indeed, if we do treat these problems from the perspective of a single discipline, the results are unlikely to be useful (e.g., Harremoës et al. 2001) . A related difficulty is that sustainability problems usually span broad spatial and temporal scales, making it difficult or impossible to investigate them experimentally. We therefore need to find new approaches for integrating different types of data and for simulating the likely behavior of complex systems (Shrader-Frechette and McCoy 1993 , Schellnhuber 1999 , Miller et al. 2008 , Plowright et al. 2008 , Khagram et al. 2010 . However, because such systems often exhibit highly nonlinear behavior, with numerous feedbacks and thresholds (Gunderson and Holling 2002) , accurate prediction of their behavior may prove impossible. For this reason, new approaches are needed to determine the validity of results and help interpret uncertainty (Holling 1978, Shrader-Frechette http://www.ecologyandsociety.org/vol17/iss4/art8/ and McCoy 1993, Nowotny et al. 2001 , Hoffmann-Riem and Wynne 2002 , Sutherland et al. 2004 , Carpenter et al. 2009 , Gross 2010 . Fig. 1 . A conceptual framework of a transitional change of academic culture toward more effective knowledge production. We see three fundamental challenges: complexity, impartiality, and salience, which impede effective research for sustainable development. We argue that overcoming these challenges will require a transitional change of academic culture that builds on three interrelated coping strategies, namely a move toward increased problem orientation and associated increased interdisciplinarity and research partnerships. Problem orientation means that the real-world problems of actors should designate theory, methods, collaborations between disciplines, and research partnerships, not the reverse, in marked contrast to discipline-based inquiry.
The impartiality challenge highlights the difficulty of ensuring that research serves the common interest, as expressed by the goals of sustainable development (World Commission on Environment and Development 1987), rather than the particular interests of some group. Indeed, interest groups may decisively influence the framing of the research problem, the scope of the work undertaken, and how the results are interpreted and used. This challenge is greatest in the case of problems for which any information is inherently uncertain and for which different stakeholders have strongly diverging interests or value systems Ravetz 1993, Pielke 2007) . In these cases, which are typical of many sustainability problems, it may be impossible to separate clearly the process of producing facts from the process of interpreting them in support of a particular decision. This does not diminish the role of experts in producing the best possible knowledge (Collins and Evans 2007) ; rather, it gives them an additional responsibility, as those who have grappled most intensively with a problem, in helping decision makers to interpret this knowledge. A common problem in these cases is that different experts come to different conclusions. This may simply be because evaluating uncertain knowledge is to some extent a process of estimating, balancing, and deliberating upon the information at hand. However, there is also the risk that information will be used selectively or misused to promote the interests of particular stakeholders (Funtowicz and Ravetz 1993 , Sarewitz 2004 , Oreskes and Conway 2010 . Notorious examples have concerned attempts to deny the health effects of tobacco (Michaels 2008) or to downplay the problem of climate change (Kitcher 2010 ). In such cases, additional scientific facts may even reduce the chances of reaching a consensus and thus hinder the search for a solution (Sarewitz 2004) . To help remove these impediments to effective decision making, many authors have called for the establishment of guiding principles that help both experts and decision makers in assessing and using scientific knowledge that is either incomplete or characterized by uncertainty (Hoffmann-Riem and Wynne 2002 , Jasanoff 2007 , Giller et al. 2008 , van der Sluijs et al. 2008 , Wibeck 2009 ).
The salience challenge refers to the importance of providing scientific knowledge in a form that can be used easily in making decisions (Cash et al. 2003) . All too often, information that would be highly relevant to a decision is not used, either because it is inaccessible or because its importance is not evident. This can happen for many reasons: potential users may simply be unaware that certain information exists, it may cost too much time or money to obtain it, or it may be incomprehensible without the help of specialists. As a consequence, many management decisions are taken without using available scientific evidence, as has been shown for decision making in nature conservation management , Shanley and López 2009 , Cook et al. 2010 ) and health technology transfer (Simiyu et al. 2010) . The challenge for scientists, therefore, is to frame both knowledge and the processes of generating and interpreting knowledge to provide answers to the questions that are relevant to decision makers (Hirsch 1995 , Eigenbrode et al. 2007 , McNie 2007 , Wuelser et al. 2012 .
STRATEGIES FOR COPING: INTERDISCIPLINARITY, PARTNERSHIPS, AND PROBLEM ORIENTATION
To meet these three challenges of sustainability research, three related strategies are commonly recommended. These strategies are: to conduct research in interdisciplinary teams, to form research partnerships with actors and experts from outside academia, and to frame research questions with the aim of solving specific problems (Fig. 1) . In each of these strategies, the organizing principle is problem orientation, which means that the research process is determined by the collaborations needed to solve a specific problem; these may http://www.ecologyandsociety.org/vol17/iss4/art8/ involve not only various disciplines but also actors and experts from outside of academia.
Interdisciplinarity
Because of their complexity, most sustainability problems cannot be tackled from the perspective of a single discipline but require an appropriate balance between engineering, natural sciences, and social sciences (ICSU 2010). Indeed, when scientists are tempted to take a disciplinary focus, they run the risk of interpreting the problem too narrowly, and their proposed solution is unlikely to be adequate (Harremoës et al. 2001 , Kriebel et al. 2001 , McMichael et al. 2003 , Kueffer 2010 . As Brewer (1999:328) remarked, "the world has problems, but universities have departments." Interdisciplinarity has been defined as "a mode of research that integrates information, data, techniques, tools, perspectives, concepts, and/or theories from two or more disciplines or bodies of specialized knowledge to solve problems whose solutions are beyond the scope of a single discipline" (COSEPUP 2005:2) . Interdisciplinarity can be implemented at the level of individual researchers, research teams, projects and programs, academic institutions, or research fields (COSEPUP 2005 , Jacobs and Frickel 2009 , Frodeman et al. 2010 . Given good collaboration, interdisciplinary research offers the best prospect of producing answers to sustainability problems that are perceived as salient (as outlined later in Strategies for Coping: Interdisciplinarity, Partnerships, and Problem Orientation: Problem orientation) and enjoy broad legitimacy. However, the difficulties of such collaboration should not be underestimated (COSEPUP 2005) , especially between the natural and social sciences (Pohl 2005 , Lowe et al. 2009 , Strang 2009 ). Building an effective interdisciplinary team requires clearly defined common goals, excellent communication, and time to develop shared understanding of the different perspectives and their potential for the common purpose (Giri 2002 , Loibl 2006 , Evely et al. 2008 , Thompson 2009 ). Hence, interdisciplinarity is not a panacea solution to all complex problems, but complements disciplinary research.
Partnerships
The second important strategy is to work in close collaboration with partners from outside academia; depending on the problem, these could be decision makers, stakeholders or nonacademic experts from civil society or the private or public sectors. This form of collaboration is often described as transdisciplinary (Klein et al. 2001 ), but we use the term partnership here to emphasize that sustainability research benefits greatly from enduring relationships among complementary partners (Cash et al. 2003 , Kueffer 2006 , Roux et al. 2006 , Dietz and Stern 2008 , Fry et al. 2008 , Barreteau et al. 2010 ).
The involvement of stakeholders and decision makers helps ensure that research questions are formulated in a way that is relevant to their needs. The inclusion of nonacademic experts contributes greatly to the knowledge base, especially when it comes to solving practical problems (Bagamoyo College of Arts et al. 2002 , Hubert et al. 2008 , Schelling et al. 2008 . Unfortunately, many transdisciplinary teams only work together for a restricted time period that is usually determined by project funding. While this is often unavoidable, the full benefit of collaboration, in particular in producing knowledge that is salient to the needs of actors, is most likely to come from longer-term partnerships (see examples .
Problem orientation
Finding the right answer depends upon asking the right question. In sustainability research, problem orientation means the quest to formulate research questions that are most likely to provide the answers that actors need (Gibbons et al. 1994 , Hirsch 1995 , Brewer 1999 , Kueffer and Hirsch Hadorn 2008 . Thus, the problem to be solved determines the appropriate conceptual framework, which should include goal definition, an understanding of relevant societal processes, appropriate methods, and appropriate forms of partnership (Pohl et al. 2010 , Wuelser et al. 2012 ). This approach is in marked contrast to that of most discipline-based inquiry, in which the questions or hypotheses usually emerge from a particular theoretical framework. However, even with the problem clearly defined, the research must find a balance between understanding the system dynamics, clarifying and solving conflicts of interests, and developing actual solutions (e.g., Hirsch Hadorn 2007, Kueffer and ).
An essential feature of problem-oriented research is that the resulting solutions depend upon how the problem is framed. In other words, the framing of the problem has a performative role that determines the options that are eventually presented to decision makers (Rittel and Webber 1973 , Elzinga 2008 , Kueffer and Hirsch Hadorn 2008 , Pohl 2011 . For some clearly defined problems, it may be obvious from the beginning that a particular type of expertise is required, and the proposed solution would be widely legitimated. However, most sustainability problems are too complex, and the required solution is not at first evident. Consider, for example, a regional administration that wishes to make a contribution toward tackling anthropogenic climate change. Such a complex problem could, in principle, be approached in several ways. For example, an automobile engineer might focus on improving the fuel-efficiency of vehicles; an urban planner might aim to optimize traffic flow; and a landscape ecologist might propose to develop ecosystems with a high carbon storage capacity. Each of these research activities might produce valuable results, but together, they are unlikely to represent the most effective solution. Not only do they fail to consider the complexity of the problem, but the proposed solutions may be regarded as irrelevant by some stakeholders http://www.ecologyandsociety.org/vol17/iss4/art8/ (i.e., not salient). Even worse, some solutions might turn out to have negative impacts for carbon emissions. If the traffic flows more freely, for example, people may choose to make longer journeys and so consume more fossil fuel. This would be an example of the rebound effect that can negate attempts toward greater sustainability. A better approach would be for the engineer, urban planner, and ecologist to work together in partnership with stakeholders. Such a process might produce a more radical planning concept, for example, traffic-free urban areas, energy-efficient public transport, and green corridors for recreation, that not only meets the goal of reducing carbon emissions, but also improves the quality of the urban environment. In this way, a problem-oriented approach could provide a solution that is both more effective in meeting the primary goal and also more acceptable to the population.
CREATING AN ENABLING ACADEMIC ENVIRONMENT FOR EFFECTIVE RESEARCH FOR SUSTAINABLE DEVELOPMENT
To encourage scientists to become involved in problemoriented research, changes are needed in how academic institutions are managed, organized, and funded (Rhoten and Parker 2004 , COSEPUP 2005 , Schneidewind 2009 , Shanley and López 2009 , Frodeman et al. 2010 , Groffman 2010 . These changes can either be achieved through a gradual evolution from existing structures or through more radical system change (Miller et al. 2008 , Sherman 2008 , Crow 2010 , Rusinko 2010 . Earlier work on organizational learning portrayed these alternatives as a tradeoff between "exploration of new possibilities" and "exploitation of old certainties" (March 1991) . In the language of transition management, these alternatives represent system optimization, i.e., optimizing existing elements and adding new elements, and system innovation, which entails a more fundamental transformation of the structure to meet new challenges (Rotmans et al. 2001) . Indeed, some authors have used such a systems framework to explore how fundamental system-wide changes of the university system can be triggered (Miller et al. 2008, Stephens and Graham 2010) . We use this dichotomy in discussing some of the practical measures that academic institutions can take to create an effective enabling environment for research related to sustainable development (Fig. 2) .
Develop new criteria and ways to assess the quality and impact of problem-oriented research Evaluation plays a central role in academic life. It is the basis for accepting manuscripts for publication, distributing research funding, promoting staff, hiring new staff, and planning new strategic initiatives. The standard procedures for academic evaluation are based upon peer review, which means assessment by colleagues from the same specialized research community. However, these procedures are often ineffective for assessing the quality of problem-oriented research because they fail to take account of the special demands of inter-and transdisciplinary research. For this reason, there have been many calls to adapt and expand the classical approaches (COSEPUP 2005 , Donovan 2007 , Stoll-Kleemann and Pohl 2007 , Klein 2008 , Holbrook 2009 , Frodeman et al. 2010 ) so as to involve a broader range of interdisciplinary and nonacademic experts.
Fig. 2.
Creating an enabling environment for effective sustainability research at universities. Universities might change incentive systems and adapt quality criteria for evaluating job applications and grant proposals for research funding, and push to change peer review of scientific performance. Universities can also build up research capacities for increased problem orientation, interdisciplinarity, and partnerships. First, professional services (comparable to technology transfer offices or corporate communication units) aid researchers through professional advice and training. Second, institutional structures may be changed, e.g., through the formation of interdisciplinary research departments. Third, students and researchers may be educated to develop the particular skills needed for novel types of research activities. Outreach needs to change from unidirectional knowledge transfer to reciprocal knowledge exchange. Each of these changes can be implemented at the level of system optimization (fine tuning and adapting the existing system) or system innovation (fundamental system changes).
This new approach needs to account for the following three aspects: (1) the novel research process, e.g., the range and intensity of inter-and transdisciplinary interactions and the importance of a problem-framing phase; (2) the particular qualities of inter-and transdisciplinary scientific inquiry and innovation, e.g., research scope and problem orientation, the diversity of enquiry and outputs, the potential to challenge http://www.ecologyandsociety.org/vol17/iss4/art8/ existing solutions, and the novelty of methods and concepts; and (3) the likely benefits in application and the quality of outreach, e.g., provision of specific examples and explanations for applications, license agreements and patents, nonacademic reports or guidelines and policy briefs, media releases, nonacademic training, evidence of partnership with government agencies or the private sector, and stakeholder awareness and satisfaction.
System optimization and system innovation differ in the weight they give to these new criteria (Huutoniemi 2010) . In system optimization, new criteria to assess the project's broader impact are added to complement the existing procedures related to academic merit, e.g., the broader impact criterion proposed by the U.S. National Science Foundation (Holbrook 2010) . In system innovation, the goal of assessment is changed more fundamentally, giving priority to assessing a project in terms of its societal impacts and benefits to the common good.
Create new career incentives and opportunities
The choices that scientists make about what to study and how to allocate their time are strongly influenced by the many factors, both formal and informal, that constitute the incentive system. Particularly important are the criteria that employers use to make appointments and promotions and to evaluate individual performance. Because the most important of these is usually success in academic publishing, scientists are under great pressure to publish their work as effectively as possible; indeed, achieving high bibliometric impact becomes the principal aim of many scientists. Although other forms of recognition, such as appreciation by peers and knowledge users, academic prizes, and student interest can also be important motivations for scientific work, these are less significant in terms of academic career. In such a onedimensional evaluation system, with little credit being granted for contributions to collaborative work (Kueffer et al. 2011 ), many scientists avoid becoming involved in complex multidisciplinary projects.
How can this situation be improved? Following the strategy of system optimization, publishing success within the realm of science would remain an important measure of achievement but would be complemented by other metrics related to the societal impact of the research. This could involve assessing publications intended for a nonacademic audience or ensuring that publishing in inter-and transdisciplinary journals enjoys the same status as publishing in mainstream disciplinary journals (Kueffer et al. 2007 ). Furthermore, skills and types of experience such as team work, inter-and transdisciplinary collaboration, outreach, and pursuing unconventional or highrisk sustainability research projects could be rewarded (COSEPUP 2005 , Frodeman et al. 2010 ).
In contrast, a system innovation strategy might involve broadening the range of academic career options. For some positions, a conventional publication profile will still be important; for others, however, a strong track-record in interand transdisciplinary collaboration, project management, and harnessing scientific knowledge for concrete problem solving will be more important criteria. Such institutions could also create opportunities for more diverse professional experience, with periods spent in industry or public administration being seen as a benefit for, rather than as a hindrance to, an academic career. Possible measures to promote such diversity include nonacademic sabbaticals, staff exchanges with industry, extension professorships for scientists working in applied and nonacademic institutions, and the physical co-location of researchers and external partners.
Expand research funding evaluation and programs
Research funding agencies can stimulate change by adapting their selection criteria, assessment procedures, and bodies, and by introducing new types of support. Problem-oriented research means a high investment in learning about and taking account of other perspectives relevant to the problem to be solved. Such research processes are typically slow and dependent upon long-term collaborations with external partners; indeed, during the course of a project, it may be necessary to redefine fundamentally the research process to meet the desired goals. A continuity of funding over an extended period is therefore important. To reduce the risk of failure of collaborative projects, funding for the initial problem framing is needed to support participatory processes such as building an interdisciplinary team, stakeholder engagement, and first steps toward a common problem framing, language, and concepts, and building teamwork and mutual trust.
In the case of system optimization, funding agencies add new funding schemes or criteria to existing ones. The U.S. National Science Foundation's Broader Impacts Criterion was introduced in 1997 (Holbrook 2009 (Holbrook , 2010 . In Switzerland, the National Research Programmes and special divisions for funding international co-operation and interdisciplinary projects of the Swiss National Science Foundation (http:// www.snf.ch/E/Pages/default.aspx) are other examples of novel research funding mechanisms. Increasingly, money is also available for developing the research proposals. In Sweden, the Mistra Foundation calls for participatory development of proposals. In a system innovation scenario, funding structures would no longer be organized along disciplines or academic fields but according to the world's most pressing problems like hunger, migration, climatic change, and biodiversity loss. Furthermore, a system innovation strategy could mean that a sizable part of the funding is distributed by users or recipients of research results and that review boards include representatives of the private and public sectors as well as of civil society.
Provide professional services and training
Managing inter-and transdisciplinary research with external partners requires not only a particular kind of leadership (Gray Ecology and Society 17(4): 8 http://www.ecologyandsociety.org/vol17/iss4/art8/ 2008), but also specific skills in project management and communication (Schophaus et al. 2004 , Defila et al. 2006 , Hollaender et al. 2008 . However, it cannot be assumed that academic scientists, especially those trained in disciplinary research, possess these skills to the required degree. Over the past years, a community of researchers engaged in problemoriented research has emerged (Bammer 2005 , Kueffer et al. 2007 , and there is increasing expertise on good practice for problem-oriented and collaborative research (Scholz and Tietje 2002 , COSEPUP 2005 , Dietz and Stern 2008 , McDonald et al. 2009 , Bergmann et al. 2010 , Frodeman et al. 2010 . Universities can build on this expertise and provide training for faculty, staff, and graduate students in key skills for problem-oriented research and also provide access to professional services. In a system optimization scenario, such supporting services would take up a minor part of university budgets comparable to corporate communications units at many universities. In contrast, in a system innovation scenario, these professional services would become a key element of universities, like technology transfer departments in industry research.
Support new institutional structures
Universities can facilitate inter-and transdisciplinary collaboration by promoting loose, nonbureaucratic structures that cross main organizational boundaries (COSEPUP 2005 , Whitfield 2008 , Frodeman et al. 2010 ). These new structures may be at the level of research groups, institutes, departments, or competence centers, and may be temporary or long term. They need to adopt an adaptive research management and funding cycle because projects vary in the form and intensity of partnerships. Even without new structures, however, universities can do much to promote bottom-up collaboration by facilitating social interactions among scientists from different disciplines. Practical aspects such as how space is allocated and how new buildings are designed can be decisive in this respect (Galison 1999 , Whitfield 2008 . In the future, new computer and Internet technologies may increasingly allow virtual knowledge-sharing forums to be built. One such example is the CCES Swiss Experiment Platform (http://www. swiss-experiment.ch; Fig. 3 ).
System optimization means that the existing institutional arrangements are complemented with additional institutional structures. The Swiss Federal Institute of Technology (ETH) in Zurich, for instance, retained its discipline-based institutional organization but created a variety of new institutional structures, including the Department of Environmental Systems Science (http://www.usys.ethz.ch/ index_EN), the Competence Center for Environment and Sustainability (http://www.cces.ethz.ch), the Competence Center Energy and Mobility (http://www.ccem.ch/), ETH sustainability (http://www.sustainability.ethz.ch/index_EN), a former center that facilitated research with developing countries, and a center for the dialog of disciplines (Collegium Helveticum, http://www.collegium.ethz.ch/). These structures connect traditional disciplinary professorships to facilitate problem-oriented teaching, research, and outreach. In contrast, universities like Leuphana University in Lüneburg, Germany (http://www.leuphana.de/en/home.html), and Arizona State University in USA (http://www.asu.edu/) have pursued the goal of problem-oriented research through system innovation. In doing so, they have created new interdisciplinary departments and appointed staff specifically for their expertise in inter-and transdisciplinary work (Beringer and Adomßent 2008, Crow 2010). Fig. 3 . Diverse measurement technologies and data sets are both needed to understand complex outdoor phenomena. Such interdisciplinary data collection and management activities can promote interdisciplinary thinking and collaborations. The image from Davos, Switzerland, shows the Wannengrat experimental catchment, where avalanche formation, snow deposition, hydrology, and natural hazard management are studied (background), and an advanced radar installation is used by an interdisciplinary team of scientists (foreground). Remote sensing data from radars and ground-based data are integrated with sophisticated data management infrastructure developed through the CCES Swiss Experiment Platform. (Photo: Nicholas Dawes, SLF Davos)
Promote new teaching models and education for interand transdisciplinary skills New ways of teaching are important in building capacity for problem-oriented research. These include case studies in which students investigate complex, real-world problems, and student projects that are conducted in partnership with societal actors and guided by teachers from two or more disciplines. In the literature about education for sustainability, three strategies are sometimes differentiated: sustainability is taught in specialized courses, sustainability is integrated in existing courses across the curriculum, and the educational system is fundamentally transformed (Sterling 2004 , Sherman 2008 , Rusinko 2010 ). The first two represent system optimization approaches, whereas the third is clearly system innovation. http://www.ecologyandsociety.org/vol17/iss4/art8/ Examples of the first strategy, specialized courses, are the NSSI case studies (http://www.uns.ethz.ch/translab/index; Fig. 4 ) and the Massachusetts Institute of Technology S-Lab (http://actionlearning.mit.edu/s-lab), which are designed for students within a particular department and build on real-world problems and mutual learning with stakeholders. They enable training for inter-and transdisciplinary skills and to build confidence to work at the policy-science or managementscience interface (Stauffacher et al. 2006 ). In addition to team and communication skills, problem-oriented research also asks for specific skills such as the ability to address problems from different perspectives and reflect on the ways different disciplines understand and address a problem (Scholz and Tietje 2002 , COSEPUP 2005 , Stauffacher et al. 2006 , Levin and Martin 2007 ). An example of the second strategy, integrating sustainability in existing curricula across departments, is university courses that provide access to an introduction to sustainability issues for students from all specializations (Brundiers and Wiek 2011 ). An interesting model at ETH Zurich is seed sustainability, which is a project platform that facilitates student research on sustainabilityrelated topics (Kueffer 2006, Brundiers and Wiek 2011) . Through seed sustainability projects, students from all departments have the opportunity to do their study-related research (theses and dissertations) in interdisciplinary teams and in close collaboration with practice partners from outside academia such as the private sector, public domain, or nongovernmental organizations. Such teaching formats are also important for disseminating research knowledge, for example, through the so-called science shops that couple teaching with scientific consultancy (Hellemans 2001 , McNie 2007 .
A system innovation strategy structures the curriculum around problems (e.g., food security, biodiversity conservation, sustainable urban planning) and/or environmental systems (e. g., aquatic systems, forests), rather than around disciplines. Such problem-focused degree courses are now offered by many universities, especially at the master's level. However, educational innovation related to sustainability should go beyond an emphasis on practical problems in two important ways. First, students must be provided with the necessary conceptual foundations such as epistemological pluralism, reflexivity, systems thinking, or resilience thinking (Miller et al. 2008 , Krasny et al. 2011 . Second, as Krasny et al. (2009:2) argue, the aim of such courses should be "to create situations where, through ongoing interactions with the social and ecological elements of the larger system, students develop the capacity to play a meaningful role in shaping their own future and that of their larger community." Thus, engagement with problem solving and society must form a central role in the learning process; the knowledge of faculty, students, and collaborators evolves through the social learning process. Fig. 4 . New forms of teaching are needed to educate a new generation of sustainability experts and foster inter-and transdisciplinary research and partnerships. In a transdisciplinary case study at ETH Zurich (Stauffacher et al. 2006) , students work in groups and address real-world problems together with teachers and actors from practice (ETH-UNS TdLab).
Redefine outreach
Universities are aware of their responsibility for ensuring that research results reach those who can apply them. Often, however, they attempt to achieve this by presenting the main conclusions in an easily accessible form in newspapers and electronic media or by producing brochures and books aimed at the general public. While these activities are important, they are based on a linear research model in which scientists first produce knowledge that they then disseminate in a form that society can use (Stokes 1997) . Thus, outreach is essentially a unidirectional transfer of information. The idea of partnership implies a reciprocal exchange of knowledge and an engagement of universities in civic life (Peters et al. 2008) , which has been variously described as mutual learning (Scholz and Tietje 2002) , knowledge interfacing and sharing (Roux et al. 2006) , knowledge exchange (Fry et al. 2008) , and situated and social learning (Checkland 2000 , Blackmore 2007 , Krasny et al. 2009 ). It is important to understand that knowledge exchange related to sustainability is more than a simple transfer of information or facts. Such information is underlain by tacit knowledge, a complex mix of theory, experience, assumptions, and values, which is best http://www.ecologyandsociety.org/vol17/iss4/art8/ communicated through personal encounters of scientists and practitioners based on mutual trust and transparency (Cash et al. 2003 , van Kerkhoff and Lebel 2006 , Collins and Evans 2007 , Fry et al. 2008 , van der Sluijs et al. 2008 , Wibeck 2009 ). Establishing forums or communities of practice that enable regular interactions of scientists and practitioners can be a powerful means of achieving outreach (Wenger 2000 , Kueffer 2006 , Roux et al. 2006 Fig. 5) . Citizen science projects that involve the public in conducting research or collecting data are another promising arena for mutual learning between scientists and the public (e.g., Bonney et al. 2009 ). However, to be effective, the role of these collaborations in the overall project must be explicitly defined (Stauffacher et al. 2008 , Krütli et al. 2010 . There are several things that universities can do to optimize the relevance and value of the knowledge they produce. First, they can establish boundary organizations that reconcile demand and supply of information between the research institute and the private and public sectors and civil society (Guston 2001 , McNie 2007 , Sarewitz and Pielke 2007 . Such boundary organizations should be able to provide foresight and horizon scanning of future challenges (Sutherland et al. 2011 ; e.g., UK's Foresight Programme, http://www.bis.gov. uk/foresight/), rapid responses to emerging issues, and continuous support of evidence-based decision making. Second, to respond adequately to rapidly developing issues, universities should develop contingency plans, ensuring that staff can be made available at short notice and that the necessary support services are available. Recent examples of issues requiring rapid responses include disease outbreaks (e. g., SARS, BSE, and avian influenza), natural catastrophes (e. g., hurricane Katrina in USA, the eruption of Eyjafjallajökull in Iceland), and other disasters (e.g., Deepwater Horizon oil spill in the Gulf of Mexico, the 2011 nuclear accident in Fukushima, Japan). Third, universities can help society by supporting academic activities such as review and synthesis. Research related to sustainability can have much greater impact if the results are systematically synthesized, interpreted, and validated for policy makers in the form of systematic reviews and meta-analytic processes (Sutherland et al. 2004 ). An example of professional assistance for such systematic reviews is the UK Collaboration for Environmental Evidence (http://www.environmentalevidence.org).
According to a system innovation perspective, outreach is the central part of research and teaching at universities and research institutes. It thus becomes a continuous engagement of everyday academic work with the needs of civil society and the private and public sectors as a standard element of teaching and research activities. This is better termed situated and social learning (Checkland 2000 , Blackmore 2007 , Krasny et al. 2009 , Krasny et al. 2011 . Examples are the transdisciplinary case studies at ETH Zurich (Fig. 4) or courses in the Swedish University of Agricultural Sciences Master's program (Krasny et al. 2009 ), in which students, faculty, and stakeholders jointly deal with concrete real-world problems and thereby induce a mutual learning process.
CONCLUSIONS: BALANCING SYSTEM OPTIMIZATION AND SYSTEM INNOVATION IN THE TRANSFORMATION OF ACADEMIC INSTITUTIONS
In a period of rapid environmental, economic, and political change, academic institutions are facing unprecedented challenges. It is increasingly accepted that the link between producing and applying knowledge must become more direct; indeed, many scientists and policy makers have called for changes of the kind we advocate here: more interdisciplinarity, more partnerships, and better problem orientation. Throughout the world, universities are questioning their current approaches and experimenting with new structures and methods in research and education.
An important lesson from the literature of transition management is that these transitions are learning-by-doing processes that are evolutionary and demand a multi-level approach. We see much value in a view of change that emphasizes the complementarity of system innovation and system optimization (March 1991 , Rotmans et al. 2001 . Thus, some circumstances may benefit from radically new ideas and broad visions, which are the basis for system innovation, whereas in others, it may be better to optimize existing structures through a series of small steps (Rotmans et al. 2001) . http://www.ecologyandsociety.org/vol17/iss4/art8/ Clearly, the most appropriate strategy in any particular case will depend on the specific context and the trade-offs that are involved (e.g., March 1991, Moore and Westley 2011) . However, there is much that universities can learn from each other as they attempt to adapt to a rapidly changing world. For example, linking institutions that follow a system optimization approach with institutions that opt for system innovation could be a useful way to optimize the costs and benefits of the contrasting approaches. Equally, universities may attempt to follow a system optimization approach in one field of activity (e.g., research) while pushing for system innovation in another (e.g., teaching). However, the goal for all institutions must be a process of change that preserves the traditional strengths of academic research, with its emphasis on disciplinary excellence and intra-scientific rigor, while ensuring that institutional environments and the skills, worldviews, and experiences of the involved actors adapt to the rapidly changing needs of society.
In recent years, there has been a vigorous debate about how universities can respond more effectively to the challenges of sustainability. We have summarized some of the key ideas and notions in this debate, with the aim of encouraging learning and consensus building among scientists, experts on new research practices, and university administrators. We hope that universities will be encouraged to take practical steps along the lines suggested and monitor their effectiveness. This will require sophisticated evaluation criteria and procedures that account for the multi-causality, multi-level hierarchical structure, and context-dependence of innovation processes (Chen and Rossi 1980, Chen 1996) . Developing appropriate means for assessing outcomes of institutional change at universities will therefore be an important avenue for future research. 
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